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1. Introduction 

In a general 2HDM, the Higgs sector consists of two charged Higgs bosons, H^, two CP-even 
neutral Higgs bosons, /i°, H^, and a CP-odd neutral Higgs, A*’. The lightest neutral Higgs boson 
h^, is taken to be SM-like and is the candidate for the signal observed at LHC. A charged Higgs 
with mf]± < 89GeV has been excluded by LEP for all tanj3 values |[T]]. The Tevatron searches by 
DO 0 and CDF restrict the to be in the range > 80 GeV for 2 < tanjS < 30. The 
above results are followed by the indirect limit from b ^ sy studies by the CLEG collaboration 
which exclude mfj± below 300 GeV at 95 % C.E. in 2HDM Type II with tanjS > 2 0. In general 
in terms of 2HDM types the current conclusion is mu± > 300 GeV in 2HDM Type II and III. In 
addition to the above constraints, the CMS collaboration restricts a neutral MSSM Higgs boson to 
be heavier than 200 GeV with tanjS = 10, assuming ni/, boson around 125 GeV [§]. Therefore, an 
additional neutral Higgs should be heavier than at least 200 GeV with tanjS less than 10. Based 
on this observation, and to allow for high tan j3 values, m^o of 300 GeV is assumed in this study. 
New results from ATEAS indicate no charged Higgs lighter than 160 GeV with tanjS >20 |^]. 
Combined results from CMS search report [^] and from ATEAS the fact that there is no exclusion 
for a heavier than 170 GeV. The chosen mass points of charged Higgs are also consistent with 
bounds from Bg —)• studies, as well as respecting Ap parameter. Fig. [T], which shows results 

for niE = 300 GeV, tanjS = 10 and with three adopted values of niA- The global fit to SM elec- 
troweak measurements requires Ap to be 0(10^^) [||]. Since Fig. [T] shows Ap values within the 
same order of magnitude, therefore, we conclude that the set of chosen mass points are consistent 
with EW precision measurements. 


2. Triple Higgs Couplings 

The triple Higgs production can be regarded as a unique process for the charged Higgs stud¬ 
ies as in that case, it contains a pair of charged Higgs and a single neutral Higgs {H^H or 
Having the neutral Higgs decayed to bb, the final sfafe has effectively fwo exfra f?—jefs 
as compared fo fhe charged Higgs pair production. This fealure makes if easy fo be distinguished 
from fhe background processes. The reason is lack of exisfence of frue Zj— jets in SM background 
events WW, ZZ and Z^*^ /y*. The It background can be reduced by a cut on the invariant mass of 
the two Z7-jets. 

In what follows, the triple Higgs production is analyzed as the main source of charged Higgs 
bosons. To this end, the triple Higgs couplings are used for the signal production as presented 
in IS 0 0> HI- We check briefly couplings presented in fhe menfioned references 

dealing one by one and showing in Eqn. (|2.1D only faken from [^]. 


Sh+h-h° 


2.tng/Sy\/ 
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[ + ^ 2 ) + h - ^l)) 

+ Cp-a{2^2p{^j}M-cjiZ2+C2pZ345)-X^SpS^p-XjCpC^p))] (2.1) 


Wifh fhe assumptions Aj = = Ay = 0 and by assuming sp_c^ = 1 fhe above equation makes sure 

fhaf fhe neufral lightesf Higgs boson has fhe same couplings fo gauge bosons as fhe SM parfner. It 
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is therefore an SM-like Higgs boson. This is due to the fact that the ratio of Higgs-gauge coupling 


in 2HDM to SM Higgs-gauge coupling can be expressed as follows QISQ : 


Sh2HDMVV 




SH2HDmVV 




( 2 . 2 ) 


ghsMW SHsmVV 

Since we use large j8 values, the above requirement {sp_g, = 1) leads to small and negative a val¬ 
ues. Moreover, in this limit, the SM-like Higgs boson has the same coupling to a pair of bottom 


quarks as in SM, because |13] 


ghlHDMbb 

ShsMbb 


= -^a/cp = - tpCp- 


(2.3) 


3. Signal and Background Events and their Cross Sections 


The triple Higgs production can be either or However, according to the 

corresponding couplings presented in Eqns. ( |3.1| ) and ( ^^ (Ref. [|T2|]), the coupling is 

larger than in the limit = 1, unless there is a very large mass difference between the 

charged Higgs and CP-odd neutral Higgs. 






—ie 


mwSwS2p 


—ie 

mwSwS2p 


+ -mH)s2i3Cp_a “ {^h “ 

{mjj± -ml + ^ml)s2psp_a + {ml - m\)c2pcp_a 


(3.1) 

(3.2) 


Therefore the signal is assumed to be or production. The latter process in¬ 

volves one charged Higgs but its cross section is comparable to the triple Higgs process. Therefore 
by signal we mean a sum of the above two processes. For reasonable background rejection, it is 
a convenient choice to assume the neutral Higgs decay to bb. Since the charged Higgs decay to 
tb produces a high multiplicity event, it is better to choose —)■ tv decays which produce low 

multiplicity events. According to the Higgs-fermion Yukawa couplings defined for the four types 
of 2HDM, the type-II 2HDM is most suitable for such a final state, because it provides the largest 
—)■ TV and —)■ bb branching ratio of decays at high tan j8 . As a summary the full signal 
production process is 


^ z+z^bbEf^^ (3.3) 

The Higgs coupling depends on m\ —mjj according to Eq. (^?I|). The neutral Higgs mass 
has to be greater than m/,o, and be small enough to allow for heavy mfj± to be produced, however, it 
is constrained from below by EHC searches for neutral H —)■ tt. A neutral Higgs with n%o = 300 
GeV is well outside the excluded area. Now the cross section can increase if niA increases resulting 
in larger m\ — factors. Other decay channels such as //+ —)• and //+ —)■ 1T+A° lead to 

three or four particles for each charged Higgs decay and are not considered as their identification 
is difficult due to limited particle identification efficiencies and detector considerations. The main 
decay channels of the neutral Higgs are also shown in terms of branching ratios in Fig. |^. Similar 
results are observed for other values of tan jS . The neutral Higgs branching ratio of decay to bb 
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Figure 1: (top left) Ap parameter as a function of mfj± for different values, (top right), the neutral Higgs 
branching ratio of decays and (bottom), the signal cross section times branching ratio of charged 

and neutral Higgs decays. 

decreases with increasing Higgs boson mass, therefore higher cross sections are expected for lighter 
neutral Higgs bosons. The decay channel H —)■ leads to three charged Higgs bosons in the 

final state of the main process and is not considered here although it acquires a higher branchig ratio 
than bb. Other decay channels, e.g., h^h^, and Z°Z° vanish as they are 

proportional to this analysis is based on sp_fji = 1. Therefore as long as the lightest neutral 

Higgs is required to be SM-like with sp^a = such decay channels do not play a role. The cross 
section times branching ratio of the triple Higgs production is thus obtained using branching ratio 
presented in ||. Results are shown in Fig. § The double Higgs production originates from different 
decay chains, and Therefore, its cross 

section depends on m^o, nifjo and m}j±. Figure [I] shows the cross section of this process times 
BR{H^ tv)xBR(//° —)• bb). A double charged Higgs production through 
tbTV — W^bbrv z^vbbzv was also explicitly checked and turned out to make no contribution 
to the signal as it was suppressed by the cut on the bb invariant mass. 

The background events are SM processes, ZZ, WW, Z^*'> jy* and tt with cross sections 0.13, 
1.8, 2.0 and 0.1 pb respectively at = 1.5 TeV. If Z —)• tt and Z ^ bb decays occur, the ZZ 
process can lead to TTbb final slate. The tt evenfs are also imporlanf background evenls as Ihey 
conlain Iwo fj-jels. Olher sources of Iriple Higgs, e.g., h^H^H and lurn oul lo be 

negligible wilh a cross seclion of Ihe order 10^^ pb. 

4. Event Selection and Analysis 

Signal evenls conlain four jels: Iwo T-jels and Iwo l7-jels. Therefore Ihr'ee requiremenls on Ihe 
number of jels are lo be applied lo separate signal and background, i.e., Ihe cul on Ihe number of 
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Figure 2: The signal cross section times branching ratio of charged and neutral Higgs decays with tanjS =10, 
tan P =20 and tan =50 


all jets (with a kinematic cut as deduced from the jet transverse energy distributions), the cut on the 
number of T-jets which are signatures of the charged Higgs and a separated cut on the number of 
Zj-jets. The two Z^-jets originate from a neutral heavy Higgs boson in signal events, therefore, their 
invariant mass should lie within a mass window tuned by the neutral Higgs mass. Finally as there 
are two neutrinos in the event, a requirement on the minimum missing transverse energy should 
help suppression of some background events like single or double Z bosons. From detector point 
of view, such requirements imply experimental uncertainties due to the jet energy scale, Z^-tagging 
efficiency, T-identification efficiency and missing transverse energy resolution. 

In order to start event selection kinematic distributions are studied. Figure |3| shows the (any) jet 
transverse energy distribution. Therefore the first step in signal selection is to require at least four 
jets in the final sfafe wifh kinematic cufs on fhe jef fransverse energy and pseudorapidify as in Eq. 


( 0 ). 


> 30Gey, |t]|<3 


(4.1) 


Selecfed jefs are counfed in fhe second sfep. The number of reconsfrucfed jefs passing fhe require- 
menf of Eq. (EH). A cuf on fhe number of reconsfrucfed jefs is applied as in Eq. ( |4.2[ ). 


Number of jefs (satisfying Eq. (^) > 4 (4.2) 

The t-ID algorifhm [ |T4| ] for T-jef reconsfrucfion sfarfs wifh a cuf on fhe fransverse energy of fhe 
hardesf charged particle frack in fhe T-jef cone as Ej > 20GeV. This requiremenf is basically 
applied as we expecf a low charged particle mulfiplicify in T hadronic decay which resulfs in a 
large fraction of fhe T energy fo be canted by fhe leading frack (fhe charged pion). The isolafion 
requiremenf furfher uses fhe above feafure of fhe T hadronic decay by requiring no frack wifh 
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Pt > ^ GeV to be in the annulus defined as 0.1 < AR < 0.4. Here AR = sj {Arj)^ + (A^)^ and (j) is 
the azimuthal angle. The A is calculated between the cone surface and the cone axis defined by the 
hardest track. The number of signal tracks are then calculated by searching for tracks in the cone 
defined around the hardest track with AR < 0.07. Since T leptons decay predominantly to one or 
three charged pions, we require the number of signal tracks to be one or three. A jet (a z lepton 
candidate) has to pass all above requirements to be selected as a T lepton. Finally we require that 
there should be two T-jets satisfying all above requirements in the event. 

In the next step the above two jets are used for bb invariant mass distribution as shown in 
Figure which tends to peak at 300 GeV (the neutral Higgs boson mass) in signal events while for 
the ZZ background the bb invariant mass obviously peaks at the Z mass. Based on this observation 
the requirement presented in Eq. (|4.3[) is applied on the distribution of b-]&t pair invariant mass. 


bb invariant mass >120 GeV (4.3) 

As the last step, the missing transverse energy is reconstructed as the negative vectorial sum of 
particle momenta in the transverse plane as shown in Fig. |3[ Based on the distribution shown in 
Fig. the requirement of Eq. ( |4.4[ ) is applied on signal and background events. 

> 30 GeV (4.4) 




b5 invariant mass [GeV] 



Figure 3: (top left) the jet transverse energy distribution in signal and background events, (top right) the 
fj-jet pair invariant mass distribution in signal and background events, while bottom figure is the missing 
transverse energy distribution in signal and background events. 


5. Results 

Selection cuts are applied one after the other, and relative efficiencies and the total efficiency 
of fhe signal and background selection is calculated. The final number of events, of course depends 
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not only on the total selection efficiency, but also on the cross section of events. In case of signal, 
the cross section depends on tan j3 , mfj± and wia and branching ratio of Higgs decays. Table |] 
shows the signal and background selection efficiencies. The selection efficiencies are used in the 



170 GeV 

Signal 
200 GeV 

mH± : 

300 GeV 

400 GeV 

Background 


HHH 

HHW 

HHH 

HHW 

HHH 

HHW 

HHH 

HHW 

ZZ 


ww 

tt 

Four jets 

0.64 

0.64 

0.63 

0.63 

0.63 

0.63 

0.62 

0.62 

0.24 

0.052 

0.22 

0.91 

Leading track 

0.99 

1 

0.99 

1 

0.99 

1 

0.99 

0.99 

0.87 

0.95 

0.92 

0.96 

Isolation 

0.87 

0.69 

0.88 

0.69 

0.9 

0.63 

0.9 

0.83 

0.35 

0.092 

0.6 

0.24 

Number of signal tracks 

0.99 

0.97 

0.99 

0.97 

0.99 

0.96 

0.99 

0.99 

0.87 

0.37 

0.95 

0.87 

Two T-jets 

0.41 

0.2 

0.43 

0.21 

0.47 

0.22 

0.5 

0.1 

0.68 

0.6 

0.19 

0.071 

T-jet charge 

1 

0.99 

1 

0.99 

1 

0.99 

1 

0.99 

1 

1 

1 

0.97 

Two b-jets 

0.82 

0.84 

0.82 

0.84 

0.82 

0.82 

0.82 

0.81 

0.15 

0 

0 

0.61 

bb inv. mass 

0.88 

0.94 

0.88 

0.93 

0.87 

0.93 

0.85 

0.96 

0.041 

0 

0 

0.33 

^miss 

0.99 

0.98 

0.98 

0.99 

0.99 

1 

0.98 

0.99 

0.28 

0 

0 

0.9 

Total eff. 

0.16 

0.064 

0.17 

0.067 

0.18 

0.063 

0.19 

0.039 

7.7 X 10-5 

0 

0 

0.0023 


Table 1: Signal and background selection efficiencies. HHH and HHW mean triple and double Higgs 
processes respectively. The signal selection efficiencies are assumed to be independent of tan j3 and ni/^. 

next step to calculate the number of signal and background events at a given point in parameter 
space. The signal significance is calculafed as Ns/s/Nb, where Ns{Nb) is the signal (background) 
number of events after all selection cuts. The significance depends on tan j3 and due to the 
dependence of cross section to these parameters. Therefore different plots are produced for each 
value of tan j3 and ma as shown in Fig. 


6. Conclusion 

The triple Higgs boson production was analyzed as a source of charged Higgs pairs. The 
analysis was performed for a linear collider operating at y/s =1.5 TeV and results were 
presented with a normalization to an integrated luminosity of 500 fb^^. The theoretical framework 
was set to 2HDM type-II containing an SM-like light Higgs boson with a mass equal to the cuiTent 
LHC observations. The effect of the CP-odd neutral Higgs mass in the production cross section 
and the signal significance was studied and it was concluded that increasing could increase 
the signal significance very sizably. The signal significance depends also on tan j3 . A reasonable 
background suppression by b-tagging is achieved leading to high signal significance values for 
some areas of fhe parameter space. Finally the signal significance was presented as a function of 
the mfj±, iua and tanj3 . In such a scenario a linear collider with enough integrated luminosity 
higher than 500 would probably be the only experiment which could provide some news 
about this particle in the future in case the LHC missed to discover. 
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Figure 4: The signal significance with tanjS =10, tanj3 =20 and tanjS =50 a as a function of the m[j± and 
with different values at yG =1.5 TeV and integrated luminosity 500 fb^^. 
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